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(57) ABSTRACT

Vapor-liquid-solid growth of nanowires is tailored to achieve
complex one-dimensional material geometries using phase
diagrams determined for nanoscale materials. Segmented
one-dimensional nanowires having constant composition dis-
play locally variable electronic band structures that are deter-
mined by the diameter of the nanowires. The unique electrical
and optical properties of the segmented nanowires are
exploited to form electronic and optoelectronic devices.
Using gold-germanium as a model system, in situ transmis-
sion electron microscopy establishes, for nanometer-sized
Au—Ge alloy drops at the tips of Ge nanowires (NWs), the
parts of the phase diagram that determine their temperature-
dependent equilibrium composition. The nanoscale phase
diagram is then used to determine the exchange of material
between the NW and the drop. The phase diagram for the
nanoscale drop deviates significantly from that of the bulk
alloy.
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SEGMENTED NANOWIRES DISPLAYING
LOCALLY CONTROLLABLE PROPERTIES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/142,710, filed Jan. 6, 2009, which
is incorporated herein by reference in its entirety.

[0002] The present invention was made with government
support under contract No. DE-AC02-98CH10886 awarded
by the U.S. Department of Energy. The United States govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] This invention relates generally to nanowire growth.
In particular, the present invention relates to the synthesis of
high-quality nanowires with site-specific dimensional con-
trol. This invention further relates to the utilization of such
nanowires in characterization tools as well as in electronic
and optical devices.

[0005] II. Background of the Related Art

[0006] Thedevelopment oftools capable of analyzing, con-
trolling, and forming materials on the nanoscale has led to an
interest in creating new structures and devices at these dimen-
sions. This ability to control matter on an atomic and molecu-
lar scale is the basis for the rapidly developing field of nano-
technology. As the size of a system continually decreases, its
physical, optical, and electrical properties may differ signifi-
cantly from, and even be superior to, those observed at the
macroscale. These differences occur primarily due to quan-
tum size effects and a significant increase in the surface-to-
volume ratio as a consequence of the reduction to nanoscale
dimensions. These changes strongly influence a number of
materials properties which include the electronic, optical,
mechanical, thermal, and chemical properties of the material
itself.

[0007] From among the various nanomaterials that have
emerged, zero- and one-dimensional nanostructures have
attracted significant interest due to the potential for develop-
ing materials and devices with unique electrical and optical
properties. Potential applications include quantum devices
utilizing carrier confinement, photovoltaic cells, sensors,
optical switches, and electronic devices such as field-effect
transistors (FETs), p-n junctions, and bipolar junction tran-
sistors. One of the keys to the realization of practical appli-
cations utilizing these materials is the ability to form nano-
structures with controlled dimensions, structures, and
compositions. Such control would enable tailoring of the
electrical, optical, and mechanical properties to a particular
application. Another key aspect is the ability to form these
nanostructures on a large scale at minimal cost.

[0008] The synthesis of zero-dimensional (0-D) nanostruc-
tures or quantum dots has been well-studied with a plurality
of methods having been developed to form 0-D nanostruc-
tures in designated locations with well-controlled dimensions
using a variety of materials. One-D nanostructures are often
defined as structures with lateral dimensions falling within
the range of 1 nm to 1 pm, but more usually to those in the
range of 1 nm to 100 nm and longitudinal dimensions extend-
ing essentially indefinitely. Thus, while 0-D structures are
generally discrete particles which are dimensionally symmet-
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ric, the formation of 1-D nanostructures requires that growth
be constrained in two dimensions, yet extended along a third.
[0009] Top-down approaches which have been used to fab-
ricate a variety of 1-D nanostructures from different materials
include lithographic techniques such as electron-beam or
focused-ion-beam etching, scanning probe patterning, and
X-ray or extreme ultraviolet lithography. However, these
techniques are not feasible for efficient large-scale manufac-
turing of 1-D nanostructures at low cost. Consequently sig-
nificant effort has been focused on developing alternative
methods to efficiently produce a large number of 1-D nano-
structures from a wide range of materials. A majority of these
have focused on bottom-up approaches in which 1-D growth
strategies have been formulated based upon chemical synthe-
sis routes. A review of these strategies is provided, for
example, by Y. Xia in “One-Dimensional Nanostructures:
Synthesis, Characterization, and Applications,” Adv. Mater.
15,353 (2003) the entire contents of which is incorporated by
reference as if fully set forth in this specification.
[0010] Growth strategies which have been employed to
form 1-D structures include, for example:
[0011] a) exploiting the anisotropic crystal structure of
select materials;
[0012] D) using a liquid-solid interface to direct growth
of a crystal;
[0013] c) forming a 1-D template to constrain growth to
a specific direction;
[0014] d) controlling supersaturation of the gas phase to
modify the growth mode;
[0015] e) use of capping reagents to kinetically control
the growth rates on different crystal facets;

[0016] 1) self-assembly of multiple 0-D nanostructures;
and
[0017] g) direct size reduction of 1-D microstructures.

From among the various approaches followed, one of the
most extensively investigated involves the vapor-phase syn-
thesis of nanostructures such as 1-D whiskers, nanorods, and
nanowires (NW).

[0018] Vapor-phase synthesis primarily involves manipu-
lating the degree of supersaturation of the gas phase to control
the growth mode. One approach, termed vapor-liquid-solid
(VLS) growth, has been used to successfully produce high-
quality single-crystal NWs in significant quantities. The VLS
process was used by Wagner and coworkers in the 1960’s to
form Si “whiskers” as described in “Vapor-Liquid-Solid
Mechanism of Single Crystal Growth,” Appl. Phys. Lett. 4, 89
(1964), which is incorporated by reference herein in its
entirety. Central to the VLS process is the use of a catalyst
comprising a metal or metal alloy to direct NW growth; in the
case of Wagner’s Si whiskers the catalyst was a gold-silicon
(Au—Si) alloy. The catalyst is initially dispersed across the
surface of a substrate as suitably-sized nanoparticles which
transform to the liquid alloy phase upon heating and supply-
ing of semiconductor material. The liquid alloy nanoparticles
absorb atoms from the vapor phase, facilitating the nucleation
of crystal seeds at the liquid-substrate interface from which
NW growth can occur. The material constituting the growing
NW and the nanoparticle form a liquid-phase binary alloy
drop whose interface with the growing wire represents the
NW growth front. Under steady-state growth conditions,
adsorption on the drop surface maintains a concentration
gradient of the NW component of the liquid binary alloy,
which is counteracted by a diffusion current through the drop.
This liquid phase transport, in turn, causes a small supersatu-
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ration driving the incorporation of new material at the drop-
NW interface to continually extend the wire. This growth
process is described, for example, by E. 1. Givargizov in
“Fundamental Aspects of VLS Growth,” J. Cryst. Growth 31,
20 (1975) which is incorporated by reference in its entirety as
if fully set forth in this specification. Givargizov used Pd, Ni,
and Pt, in addition to Au, as liquid-forming agents (growth
catalysts) for Si.

[0019] The VLS process has now been used to synthesize
NWs from a wide variety of inorganic materials including, for
example, group IV (Si and Ge), IV-IV (SiC), III-V (GaN,
GaAs, GaP, InP, and InAs), II-VI (ZnS, ZnSe, and CdSe), and
IV-VI (PbSe, PbS) semiconductors as well as oxides such as
Zn0O, MgO, and SiO,, This has been demonstrated, for
example, by X. Duan, et al. in “General Synthesis of Com-
pound Semiconductor Nanowires,” Adv. Mater. 4, 298 (2000)
and “InP Nanowires as Building Blocks for Nanoscale Elec-
tronic and Optoelectronic Devices,” Nature 409, 66 (2001), as
well as by T. I. Kamins, et al. in “Growth and Structure of
Chemically Vapor Deposited Ge Nanowires on Si Sub-
strates,” Nano Lett. 4, 503 (2004) (“Kamins 2004”), each of
which is incorporated by reference in its entirety as if fully set
forth in this specification. Note that the VLS growth of com-
pounds such as GaAs and GaP need not require the use of an
exotic catalyst; they may instead be grown via the formation
of a liquid in which one or the other element is enriched
compared to the equilibrium solid composition.

[0020] Despite its widespread use, key aspects of the VLS
growth process remain poorly understood. Consequently,
little is known about how to control nanowire dimensions
during growth. This is primarily due to the fact that, in con-
trast to studies on conventional thin film deposition, measure-
ments with nanometer spatial resolution are needed to ana-
lyze the mechanisms of NW growth. While progress has been
made, there remains a need to develop methods for fabricat-
ing a large number of high-quality nanowires with well-con-
trolled dimensions, chemical compositions, surface mor-
phologies, and nanostructures. It is therefore necessary to
formulate strategies to control not only the nucleation, growth
mode, average diameter, and length of individual nanowires,
but also the local site-specific diameter during growth itself.

SUMMARY OF THE INVENTION

[0021] Inview oftheabove-described problems, needs, and
goals, some embodiments of the present invention provide a
method of controlling the local position-dependent dimen-
sions of a nanowire (NW) during vapor-liquid-solid (VLS)
growth. Some embodiments of the present invention produce
a NW with at least two sections along the length of the NW
wherein the diameter changes abruptly between each section.
In one embodiment, control of nanowire dimensions is
accomplished by increasing the temperature. Increasing the
temperature results in an increase in the solubility limit of a
drop situated at a growth interface with the NW. This drives
further incorporation of material either from the precursor or
from the NW into the drop, thereby enlarging the drop. The
enlarged drop eventually attains a size larger than the diam-
eter of the NW.

[0022] Inthis embodiment, as the NW grows and the mate-
rial crystallizes out of the drop, the nanowire expands radially
outward from the center of the nanowire along the circumfer-
ence of the enlarged drop, thereby increasing the diameter of
the nanowire. In another embodiment the growth is stopped
after the drop is enlarged and the system is annealed for a

Jul. 8,2010

certain amount of time. NW growth may then be resumed by
reintroducing the growth precursor. The change in nanowire
diameter is abrupt on an atomic scale, occurring over a few
lattice spacings of the material along the growth direction, yet
maintains continuity of the crystal structure across the entire
length of the wire.

[0023] In some embodiments, the diameter of the drop is
controlled by the composition of a precursor material.
[0024] In another embodiment, a nanowire comprising a
plurality of sections, each of which has a diftferent diameter is
formed by repeating the method, as described above, a plu-
rality of times. In this manner, nanowires with complex
geometries which exploit quantum size effects on different
length scales within the same nanowire may be formed. The
diameter of the nanowire ranges between 1 and 100 nm, with
the length along the nanowire axis being a predetermined
value. The diameter of a NW section may be larger or smaller
than that of a preceding or subsequent section.

[0025] Insome embodiments, a nanowire of uniform com-
position and having a plurality of segments is provided, the
bandgap of the nanowire differing between segments. In
some embodiments, the dopant concentration and/or type is
changed abruptly between segments. This may be accom-
plished by changing the amount and/or identity of a dopant
precursor in the gas phase. In some embodiments only the
dopant type and/or concentration changes between segments
of the NW; in others both the doping and diameter may
change.

[0026] Inyet another embodiment of the present invention
a nanowire with two or more sections, each with differing
diameters, is incorporated into an electronic device. The elec-
tronic device may be, for example, a sensor, photoelectronic
device, transistor, electronic switch, or for impedance-match-
ing of two or more delay lines.

[0027] These and other aspects of the present invention will
become more apparent from the following description and
illustrative embodiments which are described in detail with
reference to the accompanying drawings. Similar elements in
each figure are designated by like reference numbers and,
hence, subsequent detailed descriptions thereof may be omit-
ted for brevity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIGS. 1A-1E are transmission electron microscopy
(TEM) images showing a Au—Ge alloy nanoparticle at the
tip of a Ge nanowire (NW), during in situ annealing at tem-
peratures between room temperature and 475° C.

[0029] FIGS. 2A-2F show a sequence of TEM images
which illustrate the process of melting of a Au—Ge nanopar-
ticle during in situ annealing.

[0030] FIG. 3 shows room-temperature energy dispersive
spectroscopy (EDS) data obtained from the Ge NW and a
Au—Ge nanoparticle at the tip of a Ge NW.

[0031] FIG. 4is a Au—Ge binary alloy phase diagram with
data on the temperature-dependent Ge content of two
Au—Ge alloy nanoparticles at the tip of Ge NWs with radii of
10 and 30 inn which have been formed in accordance with the
present invention.

[0032] FIG. 5 shows the dependence of the melting and
crystallization temperature of Au—Ge nanoparticles at the tip
of Ge NWs as a function of the NW diameter.

[0033] FIGS. 6A-6D are a sequence of TEM images show-
ing a liquid Au—@Ge alloy drop at the tip of a Ge NW formed
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according to the present invention at different temperatures
during cooling from 475° C. to solidification.

[0034] FIG.7isaschematicillustration of the cross-section
of'an exemplary NW formed according to the present inven-
tion whose diameter has been locally modified by manipula-
tion of Ge supersaturation in the Au—Ge drop.

DETAILED DESCRIPTION OF THE INVENTION

[0035] In the interest of clarity, in describing the present
invention, the following terms and acronyms are defined as
provided below.

DEFINITIONS

[0036] Alloy: A partial or complete solid or liquid solution
of two or more elements.

[0037] Bottom-Up Approach: A growth or manufacturing
method wherein smaller components (usually on the
atomic or molecular scale) are built up into more complex
assemblies. This approach uses, for example, the chemical
properties of molecules to cause them to self-assemble.

[0038] Eutectic Composition: In a binary alloy system, the
composition that solidifies at the lowest temperature of any
composition in the system.

[0039] Eutectic Reaction: A reaction in which, upon cool-
ing below a eutectic temperature, a liquid phase transforms
isothermally and reversibly into two intimately mixed solid
phases.

[0040] Eutectic Temperature: In a binary alloy system, the
lowest temperature at which any composition of the system
solidifies.

[0041] ex situ: The opposite of in situ. This term is used, in
the context of nanowire growth, to mean that a process or
analysis is performed outside the growth or analytical
chamber, after deposition is at least partially complete.

[0042] insitu: Latin for “in the place.” Within the context of
nanowire growth or analysis this means that a process or
analysis is performed within the growth or analytical
chamber. Measurements performed within the TEM
before, during, or after annealing and without breaking
vacuum are termed in situ.

[0043] Liquidus Line: In a binary phase diagram, the line or
boundary separating liquid and liquid+solid phase regions.
For a given alloy composition, the liquidus temperature is
the temperature at which a solid phase first forms under
conditions of equilibrium cooling.

[0044] Nanoparticle: Objects which are sized between 1
and 100 nm in all three dimensions.

[0045] Nanowire: A wire-like object having a diameter in
the nanometer size range. The lateral size is generally
constrained to within 1 to 100 nm in diameter whereas the
longitudinal size is unconstrained.

[0046] Phase Diagram: A type of chart showing the rela-
tionship between environmental constraints such as tem-
perature or pressure with the composition and regions of
phase stability in a material. This is ordinarily shown under
conditions of thermodynamic equilibrium.

[0047] Top-Down Approach: A growth or manufacturing
method in which externally controlled tools are used to
configure materials into the desired shape and order. This
approach uses microfabrication techniques such as photo-
lithography or inkjet printing.
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[0048] ACRONYMS:
[0049] CVD: Chemical Vapor Deposition
[0050] EDS: Energy Dispersive X-ray Spectroscopy
[0051] FET: Field-Effect Transistor
[0052] HR-TEM: High-Resolution TEM
[0053] NW: Nanowire
[0054] TEM: Transmission Electron Microscopy
[0055] UHV: Ultrahigh Vacuum
[0056] VLS: Vapor-Liquid-Solid
[0057] VSS: Vapor-Solid-Solid
[0058] The present invention makes use of the inventors’

discovery that the phase diagram of nanoscale alloy drops
differs from the corresponding bulk phase diagram. The prop-
erties of the alloy drop at or close to thermodynamic equilib-
rium with the adjacent NW, represented by the phase diagram
of the binary alloy, govern important aspects of VLS NW
growth. A key parameter is the equilibrium composition of
the binary alloy drop formed from the nanoparticle and the
NW material as determined by the liquidus line in the nanos-
cale binary phase diagram. Changing the temperature of the
drop results in a spontaneous adjustment to a new equilibrium
composition by exchange of material with the adjacent solid
NW. This leads to a well-defined adjustment of the drop size
which, in turn, defines the diameter of the growing N'W.
[0059] The drop size defines the diameter of the growing
NW, a key characteristic that governs, via quantum confine-
ment, the electronic and optical properties of the wire. The
one-to-one relationship between drop size and wire diameter
is used to control the overall diameter of the NW in general,
and in some embodiments of this invention to control the local
position-dependent diameter during growth. Constricted or
dilated NW sections with a locally increased or decreased
band gap may be produced along the length of a NW by
adjusting the temperature to induce changes in the drop size.
Thus, a major step toward forming such new wire geometries
and attaining increased control over VLS growth lies in a
determination of the nanoscale phase diagram of the binary
alloy drop for the relevant temperature range.

1. Vapor-Liquid-Solid Growth

[0060] The ability to control nanowire dimensions on the
local scale was discovered while analyzing nanostructural
changes induced by annealing germanium (Ge) nanowires
formed by VLS growth with gold (Au) nanoparticles. It is to
be understood, however, that the use of the Ge—Au material
system as described in this specification is merely exemplary,
being described in detail to illustrate the principles of the
invention. Control of the nanowire size by temperature-in-
duced changes in the solubility of the alloy drop may be
achieved with any material system in which nanowires may
be grown by the VLS method. This includes group IV, II1-V,
and II-VI semiconductors, as well as a number of oxides
forming the material of the nanowire in combination with the
appropriate metal or metal alloy as the nanoparticle catalyst.
It is to be understood that for the non-elemental NW compo-
sitions the alloy drop may comprise a binary, ternary, quater-
nary, or higher-degree alloy. In the case of line compounds of
well-defined stoichiometry, such as the I1I-V and 1I-VI semi-
conductors, the alloy drop may be “pseudo-binary,” with the
catalyst material in equilibrium with the line compound, such
as GaAs or CdS. When the catalyst-NW system is not strictly
binary, “eutectic” should be understood to include “eutec-
toid.”
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[0061] The growth of Ge NWs by a VLS process with Au as
the catalyst nanoparticle was done according to synthesis
routes previously described, for example, by E. Sutter et al. in
“Selective Growth of Ge Nanowires by Low-Temperature
Thermal Evaporation”, Nanotechnol. 19, 435607 (2008);
Kamins 2004;Y. Wu, et al. in “Direct Observation of Vapor-
Liguid-Solid Nanowire Growth,” J. Am. Chem. Soc. 123,
3165 (2001); and X. H. Sun, et al. in “Ge Nanowires: Synthe-
sis, Morphology, and Local Structural Studies,” Nanotech-
nol. 17,2925 (2006) (“Sun 2006™), each of which, along with
the references cited therein, is incorporated by reference in its
entirety as if fully set forth in this specification. Post-growth
the synthesized NWs are dispersed on amorphous carbon
films supported by standard copper grids for variable tem-
perature transmission electron microscopy (TEM) investiga-
tions.

I1. Nanostructure Characterization

[0062] TEM and high-resolution TEM (HR-TEM) were
used to observe, in real time, the behavior of the Au—Ge alloy
drops at the tips of the Ge NWs while annealing over the
temperature range from room temperature (RT) to 500° C.
Variable temperature in situ TEM analyses were carried out in
a JEOL JEM 3000F field emission TEM equipped with a
Gatan 652 high-temperature sample holder. The TEM is
capable of attaining temperatures ranging from RT to 500° C.
at pressures below 1.5x1077 Torr. The electron irradiation
intensity was maintained below 2 A/cm?® to minimize uncon-
trolled electron-beam induced structural changes.

[0063] Such insitu observations at temperatures typical for
NW growth are a powerful approach to quantifying equilib-
rium properties of the NW growth front as well as the NW
growth kinetics. In situ TEM analyses can also be used to
explore conditions suitable for the synthesis of complex NW
geometries and hetero structures. The results reveal a pro-
nounced temperature-dependent exchange of Ge between the
NW and the Au—Ge drop in which the wire acts as an effi-
cient source or sink of Ge as the drop adjusts its composition
to achieve its equilibrium Ge content. Although these experi-
ments do not incorporate a growth flux or the small (~2%)
supersaturation that drives actual NW growth, they do allow
quantitative determination of important parts of the phase
diagram of nanometer-sized Au—Ge VLS seed drops.

A. Nanoparticle Alloy Phase Transitions

[0064] FIGS.1A-1E are bright-field TEM images of a typi-
cal Ge NW segment located close to the tip which follow the
evolution of the nanoparticle and its interface with the wire
during in situ heating from room temperature to 475° C. The
electron beam was aligned with the [211] direction of the
nanowire. These NWs exhibit a slight taper (see, e.g., FIG.
2A) from the base to the Au-rich alloy nanoparticle at the tip
which is distinguished by its darker contrast. Other NWs do
not exhibit a taper, but give the same experimental results.
The NWs have mono crystalline cores, are aligned with the
[111] direction, and are initially terminated by a thin oxide
layer formed in the air during transfer from the growth cham-
ber. Initial heating from room temperature (e.g., FIGS. 1A
and 2A) to 300° C., where the particle is still solid, causes the
desorption of the native oxide from the Ge surface. This can
be seen from a comparison of FIGS. 1A and 1B, which
respectively show the presence and absence of a thin oxide
layer surrounding the Ge NW core. The formation and des-
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orption of this oxide layer has been analyzed in detail by E.
Sutter, et al. in “Au-Induced Encapsulation of Ge Nanowires
in Protective Carbon Shells,” Adv. Mater. 18, 2583 (2006),
which is incorporated by reference in its entirety as if fully set
forth in this specification.

[0065] Melting of the Au—Ge alloy nanoparticle was ana-
lyzed as the temperature was increased from room tempera-
ture to the bulk eutectic temperature (1,=368° C.) of the
Au—Ge alloy. Representative images illustrating the melting
process are shown in FIGS. 2A-2F. A bright-field TEM image
of'the structure and morphology of Ge NW's at room tempera-
ture is shown in FIG. 2A; this image was obtained prior to in
situ annealing and is representative of the as-grown starting
material of the present invention. The inset of FIG. 2A shows
a low-magnification overview of two wires dispersed on the
underlying amorphous carbon support. The wires have diam-
eters between 10 nm and 70 nm. The tapering effect is irrel-
evant to the observed phenomena; untapered NWs have been
used in similar experiments with identical results. FIG. 2B is
a high-resolution image obtained close to the NW tip which
shows lattice fringes with separation of ~0.33 nm along a
direction parallel to the NW axis. This is consistent with the
spacing of (111) planes in bulk Ge. Within the Au—Ge alloy,
lattice fringes with a separation of0.21 nm are resolved, close
to the lattice spacing of (111) planes in Au. At room tempera-
ture the alloy particle is not a homogeneous hemisphere but
appears more irregular, likely as a result of the Au/Ge phase
separation during cooling of the NWs after synthesis.
[0066] Energy dispersive X-ray spectra (EDS) from the
nanowire and the nanoparticle were collected in the TEM at
room temperature and the results are shown in FIG. 3, with
the Ge spectrum shown by the solid line and the Au spectrum
dashed. The composition of the solid Au—Ge alloy was quan-
tified from the EDS spectra using the integrated peak inten-
sities (Ge-K, Au-L) and library element standards provided
by the Thermo NORAN Vantage software package. The Cu
peaks in both spectra in FIG. 3 arise due to the underlying Cu
grid used to support the sample in the TEM. The EDS spectra
show that the NW consists almost entirely of Ge(<1 at. % Au)
while the Au nanoparticle contains very small amounts of Ge,
less than 4 at. %, in agreement with similar observations
reported by Sun, et al. (Sun 2006).

[0067] During in situ annealing, re-alloying of Au—Ge in
the nanoparticle produces a hemispherical shape. FIG. 2B
shows that at 300° C. both the Ge NW and the Au—Ge alloy
are crystalline. The interface between them is sharp and flat
but shows no epitaxial relationship. With further temperature
increase, the Au—@Ge alloy begins to pre-melt well below the
bulk eutectic temperature. Pre-melting is accompanied by
pronounced changes at the interface between the solid Ge
NW and the Au—Ge alloy. At 325° C. a small amount of
molten alloy is observed at the intersection between the {111}
NW-tip interface and the surface (FIG. 2C). The molten area
spreads as Ge from the NW is consumed. The melting front
penetrates the NW until a {113} facet (a major stable facet of
Ge in vacuum) is attained as shown by FIG. 2D. Simulta-
neously a liquid shell forms over the entire surface of the
Au—Ge alloy (FIG. 2E), i.e., the alloy undergoes classical
surface melting preceding the melting of the interior. FIG. 2F
shows that the interior of this particular drop melted com-
pletely at 347° C.

[0068] The interface between the Ge NW and the liquid
Au—Ge alloy drop is no longer a simple {111} facet (asinthe
solid state, FIG. 2B) but consists of segments of {111} and



US 2010/0171096 Al

{113} facets (FIG. 2F). When the entire Au—Ge tip finally
melts, alarge amount of Ge is dissolved into the drop from the
adjacent Ge NW, which is reflected by an abrupt increase of
the volume of the Au—Ge drop. Measurements of the drop
volume before and after this Ge enrichment give a final Ge
content at the melting temperature of about 30 at. %. This is
close to the eutectic Ge concentration of a bulk Au—Ge alloy
if we assume that the initial NW tip after VLS synthesis
consists mainly of Au. The eutectic composition in Au—Ge
binary alloys is 28 at. % Ge as determined by B. Predel in
Phase FEquilibria, Crystallographic and Thermodynamic
Data of Binary Alloys—Electronic Materials and Semicon-
ductors, Landoll-Bornstein, Group IV: Physical Chemistry,
Vol. 5a, Ed. O. Madelung (Springer-Verlag, Berlin 1991), Ch.
“Au—Ge” pp. 1-4, (DOIL: 10.1007/10000866__279) which is
incorporated by reference as if fully set forth in this specifi-
cation.

[0069] Final melting of the Au—Ge nanoparticles as the
alloy achieves the (eutectic) composition with the lowest
melting point by dissolving Ge from the NW is generally
observed at a eutectic temperature T=368° C. The volume
change upon melting is accompanied by a simultaneous
recession of the alloy-NW interface as the alloy absorbs the
Ge required to reach the eutectic composition. A further
increase of the temperature to 475° C. (>>T}) is accompanied
by a continuous increase of the volume of the now-liquid
alloy drop. Again, the interface between the alloy and the
adjacent solid Ge NW draws back towards the base ofthe NW
as Ge is incorporated into the drop. Between room tempera-
ture and 475° C. the drop/NW interface recedes by ~25-30 nm
and transforms from a planar Ge (111) facet to a multifaceted
interface composed of {113} and (111) segments. This is
illustrated by FIGS. 1B-1E which show that increasing the
sample temperature, T, from 345° C. to 475° C. produces a
gradual increase in the volume of the drop with a concomitant
recession of the drop-NW interface. The marker in FIGS.
1A-1E delineates the surface of the Ge NW and provides a
reference for the T -dependent location of the interface.

B. Nanoscale Phase Diagram

[0070] Measurements of the drop volume were used to
quantify the alloy composition as a function of temperature.
The Ge (atomic) content N5, was calculated from the volume
of the eutectic drop V(T) using

V(T) = NawVau

VGe

Nee =

where N, is the (constant) number of Au atoms in the drop
and v, v, denote the atomic volumes of the alloy compo-
nents as determined from the densities of liquid Au (p_,=17.
4x10° kg/m®) and Ge(p;,=5.49%x10° kg/m>), respectively.
The calculations are performed under the assumption that the
initial, solid particle at room temperature consists of pure Au
(i.e., that all Ge is expelled by phase separation upon solidi-
fication). As previously noted, in situ EDS results show mini-
mal amounts of Ge in the particle, evaluated to be less than 4
at. %. With this assumption, the composition of the liquid
drop at the melting temperature is found to be very close
(within £2 at. %) to the bulk eutectic composition (28 at. %
Ge).
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[0071] At equilibrium, the atomic concentration of Ge in
the alloy, x(T)=Ng, /(N +N,), traces the liquidus of the
nanoscale Au—Ge drop during VLS growth. A phase dia-
gram for bulk Au—Ge binary alloys, which also includes the
measured liquidus (dashed line) for NWs with diameters D of
60 nm (shown in FIG. 1) and 20 nm, is reproduced in FIG. 4.
Experimental points are depicted as filled circles (@), while
the melting temperature for a pure Ge nanoparticle calculated
as explained below is depicted as an open square ((]). In FIG.
4, L represents the Au+Ge liquid phase. While the eutectic
temperatures (T ) are very close to Ty, of the bulk alloy, the
nanometer-sized drops have substantially higher Ge content
than a bulk Au—Ge alloy at temperatures T >T . That is, for
a given temperature above T, the liquidus line for the
Au—Ge nanoparticle alloy is shifted to higher Ge concentra-
tions. This means that the liquidus temperature for a given Ge
concentration is depressed, resulting in a VLS seed drop with
a Ge content and volume which is much larger than predicted
by the bulk phase diagram. As the Ge content is continually
increased, the lowered liquidus tends toward a significantly
reduced melting temperature for a pure Ge nanoparticle.
Large melting point depressions are often observed for nano-
particles as demonstrated, for example, by A. N. Goldstein, et
al. in “Melting in Semiconductor Nanocrystals,” Science,
256, 1425 (1992), which is incorporated by reference in its
entirety as if fully set forth in this specification.

[0072] The size dependence of the melting temperature can
be estimated using the well-established dependence T,,=T,,
w[1-a/d], for spherical particles with diameter d, where T,, ,
denotes the bulk melting temperature and . depends on the
surface to volume ratio, and on the surface tensions of the
liquid and solid as shown, for example, by M. Wautelet in
“Estimation of the Variation of the Melting Temperature With
the Size of Small Particles on the Basis of the Surface-Phonon
Instability,” J. Phys. D Appl. Phys. 24, 343 (1991), which is
incorporated by reference in its entirety as if fully set forth in
this specification. For Ge, the predicted melting temperatures
fall between 530° C. and 800° C. for particles with diameter
between 20 nm and 60 nm. Extrapolating the experimental
points for the Ge NW liquidus, using the functional form of
the bulk liquidus, to the melting temperature of a pure Ge
nanoparticle gives T, ~600° C., equivalent to the predicted T,
of a nanoparticle with a 26-nm diameter and in excellent
agreement with the observed melting temperature of a NW
with a 20-nm diameter as determined by Y. Wu, et al. in
“Melting and Welding of Semiconductor Nanowires in Nano-
tubes,” Adv. Mater. 13, 520 (2001), which is incorporated by
reference in its entirety as if fully set forth in this specifica-
tion.

[0073] Animmediate consequence of the liquidus suppres-
sion in the nanoscale Au—Ge phase diagram—important for
VLS synthesis of Ge NWs—follows from the fact that the
size of the alloy drop determines the wire diameter. While the
bulk phase diagram predicts a negligible increase in drop size
between T, and 500° C., the actual Au—Ge nanoparticle
phase diagram implies a substantial size range in which the
drop (and, hence, the wire) diameter may be adjusted by
judicious changes in temperature. Formation of a nanoscale
phase diagram has been described in detail by the inventors,
E. Sutter, et al. in “Phase Diagram of Nanoscale Alloy Par-
ticles Used for Vapor-Liquid-Solid Growth of Semiconductor
Nanowires,” Nano. Lett. 8,411 (2008), which, along with the
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references cited therein, is incorporated by reference in its
entirety as if fully set forth in this specification.

C. Localized Control of Nanowire Dimensions

[0074] Controlled expansion of the NW diameter by tuning
the size of the Au—Ge drop was observed by high-tempera-
ture in situ TEM. In these experiments a large hysteresis
between melting and crystallization temperatures (i.e., super-
cooling) of the alloy drops terminating the Au—Ge NWs is
used. This is plotted in FIG. 5 which shows the dependence of
the melting T, ,and crystallization T~ temperatures on the size
of the Au—Ge nanoparticle. For very small diameters, the
melting point is depressed by about 20° C. while the observed
crystallization temperature increases slightly. This indicates
the possibility of a surface-induced crystallization process
similar to that observed for free-standing Au—Ge drops as
reported by P. Sutter, et al. in “Dispensing and Surface-In-
duced Crystallization of Zeptoliter Liquid Metal-Alloy
Drops,” Nat. Mater. 6, 363 (2007), which is incorporated by
reference in its entirety as if set forth in this specification.
[0075] The difference between melting and crystallization
provides a temperature window below T in which a cooling
drop remains liquid. The supercooled drop maintains its equi-
librium composition by expelling Ge which then becomes
incorporated in the Ge NW. This behavior allows the effective
probing of the growth of a short NW section without driving
the system out of equilibrium by an actual Ge flux onto the
external surface of the alloy drop. As previously described
with reference to FIGS. 1 and 2, annealing to T, >>T.
enlarges the Au—Ge drop via Ge absorption from the NW to
a diameter of 75 nm, 20% larger that the original wire diam-
eter (~60 nm). When the temperature is lowered the NW
re-grows, but with a new diameter (d,;~75 nm) defined by
the now-larger drop.

[0076] Two modifications of the Ge-rich alloy drop at high
temperature enable the expansion of the Ge wire: a substantial
growth of the drop volume due to incorporation of Ge as
evident from the phase diagram, and an adjustment of the
Au—Ge/Ge interface. The solid-liquid interface reshapes
from a planar Ge (111) facet to a multifaceted interface con-
sisting of a central (111) plane surrounded by {113} facet
segments at the periphery. This is illustrated by the dashed
lines in FIG. 6 A which indicate the projected shape of the
interface between the Ge NW and the Au—Ge drop. The
central dashed line which is perpendicular to the NW axis
represents the (111) plane whereas the two angular lines at the
periphery represent {113} facets. The net result is a signifi-
cantly larger footprint of the Au—Ge drop perpendicular to
the wire axis, a prerequisite for the growth of a thicker NW,
which is initiated by lowering the temperature, or by chang-
ing the composition of the precursor vapor during those syn-
theses in which a precursor is present. Expansion of the NW
diameter upon cooling from 475° C. to solidification at 283°
C. is shown in FIGS. 6 A-6C where the curved lines delineate
the shape of the Au—Ge alloy drop at 475° C.

[0077] Asthedropiscooledfrom475° C. (FIG. 6A)t0285°
C. (FIG. 6B), the drop reduces its Ge content by expelling Ge
atoms to the NW. The shape of the newly grown NW section
closely follows the original shape of the liquid alloy drop.
Experiments on etching and growth have shown that {113} is
a fast growing facet for Ge, while incorporation into the (111)
plane is much slower. Hence, the initial wire growth from the
cooling drop is accommodated almost entirely on the {113}
facets, thus supporting the dilation of the NW diameter. Ge is
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not incorporated into the (111) interface plane until the {113}
segments have been outgrown as shown by FIG. 6C which
reveals a fully solidified drop at T¢=283° C. The material
mediating the expansion of the NW diameter is shown, in
FIG. 6D, to be perfectly crystalline Ge, without any observ-
able defects. This Au—Ge nanoparticle and wire underwent a
radial dilation of 5.3 nm upon solidification of the Ge NW.
[0078] The expansion of the NW diameter depends on the
annealing-induced swelling of the VLS alloy drop and on the
reshaping of the solid-liquid interface. Control experiments
in which these effects were suppressed by limiting the maxi-
mum temperature to a few degrees above the melting point,
ie, T, ~T, resulted again in NW re-growth due to the
melting-crystallization hysteresis, but with the original,
smaller wire diameter.

1I1. Exemplary Embodiment

[0079] The in situ experimental results presented in this
specification demonstrate that consideration of the actual
phase diagram of a nanoscale VLS seed drop can be used to
judiciously tailor the geometry of a growing NW. A junction
where the NW diameter increases over a section of few
nanometers is achieved by controlled expansion of the
Au—Ge drop, following the liquidus of the nano-drop phase
diagram. In practice, this entails absorption of additional
semiconductor from the precursor or the NW into the alloy
drop to expand to a new, larger wire diameter. This may be
accomplished by increasing the temperature with or without
an interruption of the growth, and/or annealing at higher
temperatures. Further VLS NW growth under the new condi-
tions will maintain the larger diameter of the wire. Experi-
mental results show that even moderate annealing tempera-
tures above the eutectic point provide a substantial potential
for tailoring the NW geometry whereas a negligible effect
would be predicted by the bulk phase diagram.

[0080] FIG. 7 is a schematic illustration of an exemplary
nanostructure made in accordance with the present invention.
The first nanowire segment 10 exhibits a taper 20 that is
abrupt on an atomic scale, occurring over the length of a few
lattice constants of the nanowire material. A second nanowire
segment 30 results from an increase in the volume of the seed
droplet 40. As the process of increasing the volume of the seed
droplet is repeated, several segments of the nanowire, each
having a different diameter, may be fabricated. In certain
circumstances, no segment need have a constant diameter, but
the taper 20 may be extended indefinitely to provide a nanow-
ire of smoothly increasing diameter.

[0081] It is to be understood that localized control of the
NW diameter according to the present invention as described
in this specification is not limited to VLS growth of Ge
nanowires via a Au nanoparticle. Such site-specific control
may be attained in any other suitable material system, includ-
ing other group IV, I1I-V, II-VI semiconductors and oxides as
previously indicated above. Nanoparticles other than Au, e.g.,
any metal or metal alloy, may be used to form a suitable
binary or higher-degree alloy in which the nanoscale phase
diagram exhibits a liquidus line wherein the concentration of
the NW material in the drop changes appreciably with tem-
perature. The observed solubility change need only be of
sufficient magnitude such that the drop size increases by
incorporation of NW material in an amount on par with the
required increase in NW diameter.

[0082] The present invention also is not limited to the struc-
ture illustrated in FIG. 7, but also extends to more complex
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geometries. For example, the NW diameter may be increased
a plurality of times in succession to produce a cone-like
structure in which the diameter increases or decreases
sequentially from one segment to the next. The diameter of a
segment may be greater or smaller than that of the preceding
or subsequent adjacent segment. The changes in diameter
also are not limited to a single nanowire, but may be simul-
taneously applied to a plurality of nanowires arrayed on a
substrate by controlling the temperature of the entire surface.
[0083] The change in geometry may be accompanied by a
change in doping of the nanowire. For example, when the
nanowire diameter is increased by incorporation of growth
precursor at higher temperature, the simultaneous introduc-
tion of dopant precursor will result in doping of the enlarged
section of the nanowire. Of course, doping type and/or con-
centration may be changed abruptly or continuously along the
NW at locations other than segment interfaces.

IV. Electronic Devices

[0084] Since quantum size effects and surface processes
are associated with the size of the particle and the ratio of
atoms at the surface to those in the bulk volume, control of
material properties influenced by these two factors may be
imparted by localized dimensional control of NW diameters.
Consequently, a plurality of electronic devices which exploit
this property may be fabricated. (See, for example, an enu-
meration supra.)

[0085] The abrupt change in nanowire diameter between
segments results in an abrupt change in the bandgap of the
nanowire at the segment interface. This creates an electronic
junction between the segments, located at the physical inter-
face. Such a junction mimics, for example, a Si—Ge or
GaAs—InAs heterojunction wherein the wider bandgap (nar-
rower diameter) NW segment is analogous to the Si or GaAs
material, and the smaller bandgap (larger diameter) NW seg-
ment is analogous to the Ge or InAs material. It will be
appreciated by those in the art that any electronic device or
structure that depends on the discontinuity of bandgaps at
heterojunctions can in principle be made using the segmented
NWs of the present invention. Furthermore, a three-segment
NW in which the first and third segments have a higher
bandgap than the intervening second segment mimics a quan-
tum well structure in which carriers are confined to the
smaller-bandgap segment at equilibrium. In addition, combi-
nations of geometry and doping profile can be used to create
complex structures and devices using the methods described
herein.

[0086] It will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present invention is defined by the claims which
follow. It should further be understood that the above descrip-
tion is only representative of illustrative examples of embodi-
ments. For the reader’s convenience, the above description
has focused on a representative sample of possible embodi-
ments, a sample that teaches the principles of the present
invention. Other embodiments may result from a different
combination of portions of different embodiments.

[0087] The description has not attempted to exhaustively
enumerate all possible variations. That alternate embodi-
ments may not have been presented for a specific portion of
the invention, and may result from a different combination of
described portions, or that other undescribed alternate
embodiments may be available for a portion, is not to be
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considered a disclaimer of those alternate embodiments. It
will be appreciated that many of those undescribed embodi-
ments are within the literal scope of the following claims, and
others are equivalent.

1. A nanowire comprising a first section and a second
section adjacent to the first section wherein the nanowire
diameter changes abruptly from the first section to the second
section.
2. The nanowire of claim 1 wherein the change in diameter
is abrupt on an atomic scale, occurring over a few lattice
spacings along the growth direction.
3. The nanowire of claim 2 wherein the diameter of each
section is between 1 and 100 nm and the diameter of the
second section is larger than that of the first section.
4. A nanowire according to claim 1, further comprising at
least one additional section wherein the nanowire diameter
changes between each section.
5. A nanowire according to claim 4, wherein a concentra-
tion of a dopant in the nanowire changes abruptly between
each section.
6. An electronic device comprising a nanowire according to
claim 4.
7. An electronic device comprising a nanowire comprising
a first section and a second section adjacent thereto wherein
the nanowire diameter changes abruptly from the first section
to the second section.
8. A method of controlling the diameter of a nanowire
during VLS growth, the method comprising:
growing a first nanowire segment with a first width by the
VLS method;

enlarging a drop situated at a growth interface with the first
nanowire segment by incorporating material into the
drop such that the diameter of the drop becomes greater
than the diameter of the first nanowire segment; and

continuing growth of the nanowire with a second segment
having a second width approximately equal to the diam-
eter of the enlarged drop.

9. The method of claim 8 further comprising interrupting
the nanowire growth before enlarging the drop.

10. The method of claim 8 wherein the drop is enlarged by
incorporation of additional material from a growth precursor.

11. The method of claim 10 wherein a dopant precursor is
incorporated into the drop.

12. The method of claim 8 wherein the drop is enlarged by
incorporation of additional material from the nanowire.

13. The method of claim 8 wherein the drop is enlarged by
increasing the temperature higher than T .

14. The method of claim 8 wherein material is precipitated
out of the drop by decreasing the temperature below T ..

15. The method of claim 8 wherein material is precipitated
out of the drop by continuing nanowire growth at a tempera-
ture higher than the temperature used to grow said first
nanowire segment.

16. A nanowire of uniform composition comprising a plu-
rality of segments adjoining one another, each segment hav-
ing an energy bandgap, wherein the bandgap differs between
first and second adjacent segments of the plurality of seg-
ments.

17. The nanowire of claim 16, wherein the bandgap difter-
ence between the first and second adjacent segments is abrupt
on an atomic scale forming an interface between the first and
second adjacent segments.
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18. The nanowire of claim 17, wherein a first electronic
junction is co-located with the interface between the first and
second adjacent segments.

19. The nanowire of claim 18, further comprising a third

nanowire segment adjacent to the second segment, the band-
gap of the third nanowire segment differing from the bandgap
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of the second segment, the bandgap difference between the
second and third segments abrupt on an atomic scale forming
an interface between the second and third segments and
wherein a second electronic junction is co-located with the
interface between the second and third segments.
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